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m  muc  KLEME:  BlSlRranm  MLMflEB 


There  ire  two  aspects  of  electro'Siinetic  scattering 
fro*  Moving  object  that  attracted  ay  attention  during  the  Last 
five  aontha.  The  first  aspect  is  the  possibility  of  collisions 
between  the  scatterers  with  consequent  change  of  shape;  the 
second  aspect  la  the  possibility  that  a  Moving  scatterer  appe 
ars  to  an  observer  in  the  laboratory  as  an  object  of  rather 
high  refractive  index.  Let  us  discuss  in  turn  these  two  facts. 

The  phenoaenon  of  aggregation  of  sore  than  one  object 
as  a  consequence  of  collisions  Is  the  aechanlsa  usually  asiu- 
aed  by  the  chealsts  to  describe  the  occurence  of  cheaical 
reactions.  Therefore,  if  the  objects  are  assuaed  to  be  clusters 
of  spheres,  it  is  reasonable  that,  as  a  consequence  of  the  col 
lision,  the  spheres  rearrange  to  give  origin  to  clusters  of 
different  geoaetry  and  coaposition.  As  a  consequence  the 
optical  spectrua  of  an  aerosol  in  which  such  phenoaena  occur 
should  undergo  detectable  changes.  This  aechanlsa  has  been 
thoroughly  investigated  in  collaboration  with  proff.  Borghese, 
Dentl  and  Toscano  and  the  result  of  the  calculations,  through 
Halted  to  rather  siaple  cases,  show  thst  the  change  in  the 
optical  spectra  are  actually  well  visible  and  could  thus  be 
used  to  detect  the  occurrence  of  cheaical  reactions  within 
real  aerosols. 

This  research  gave  rise  to  the  enclosed  paper  which 
has  already  been  subaitted  for  pubbl ication .  A  word  of  caution 
should  be  added,  tn  the  above  described  research  no  attempt 
has  been  made  to  take  account  either  of  the  frequency  depen¬ 
dence  dependence  of  the  refractive  indexes  of  the  spheres  or 
of  the  changes  of  the  refractive  indexes  as  a  consequence  of 


the  reactions.  In  other  words  no  dispersion  or  changes  of 
valence  or  bonds  has  been  accounted  for  although  inprovements 
to  this  effect  can  be  easily  included  in  the  theory. 

The  second  aspect  I  examined  with  profound  interest  is  the 
possibility  that  aovlng  scatterers  appears  as  objects  of  high 
refractive  Index.  In  fact  as  a  consequence  of  the  general  co- 
variance  of  Maxwell  equations  under  olononic  transformations 
it  turns  out  that  in  certain  states  of  notion  the  refractive 

index  as  observed  in  the  laboratory  nay  appear  very  high. 

Now  it  la  well  known  that  in  this  case  resonances  of  the  scat 
taring  cross  section  nay  occur  with  an  increase  of  scattering 
power  of  a  factor  of  10  to  100. 

Note  that  resonance  scattering  has  been  widely  studied  with 
In  the  franework  of  Nle  theory  as  an  attenpt  to  explain  the  ab 
sorption  spectrun  e.g.  of  water  droplets. 

The  procedure  I  used  is  rather  different.  I  considered  a  clu¬ 
ster  and  searched  for  the  condition  of  resonance  of  its  con¬ 
stituent  spheres.  The  resulting  refractive  indexes  where  then 
introduced  into  the  prograa  for  the  cross  section  of  the  clu- 
star  in  order  to  see  the  effects  of  the  resonance  on  the  beha 
vlour  of  the  cluster  as  a  whole.  Although  the  results  I  got 

till  now  are  only  preliminary  ones,  it  is  apparent  that  the 

scattering  cross  section  shows  peacks  at  frequencies  different 
froa  those  expected  froa  Nle  theory.  The  consequence  for  this 
behaviour  are  at  present  under  further  investigation. 


Effect  cf  the  "chemical  reactions”  on  the  ausort.  t  j  ot. 
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Summary. 

In  a  preceding  paper  the  absorption  coefficient  for 
the  propagation  of  the  electromagnetic  field  through  a  low- 
density  dispersion  of  nonsphencal  scatterers  of  random  onen 
tation  was  calculated  by  modelling  them  as  clusters  of  spheres 
In  tms  paper  the  spheres  are  allowed  to  rearrange  among  the 
clusters  to  simulate  chemical  reactions  ana  the  changes  muu- 
ced  on  the  absorption  coefficient  of  the  dispersion  are  discus 
sed  in  a  few  significant  cases. 
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1.  I NTkODUCT I OK  . 


It  is  well  establisnea  through  experimental  tmasu- 

rements  that  trie  refractive  index  anc  the  at>sor;non  coeff^c. 

ent  of  a  dispersion  of  identical  scatterers  sensibly  depend  or, 

( 1-4 ) 

their  shape  .  On  the  side  of  the  theoretical  investigations 

several  authors  dealt  m  different  ways  with  the  scattering  by 

( 5-7  )  (  g  ) 

nonsphencal  oojects  .  The  present  authors  as  well  as 
Gerardy  and  Ausloos*  9,10 ^proposed  independently  to  model  some 
kina  of  nonsphencal  scatterers  as  clusters  of  spheres.  The 
individual  optical  response  of  these  model  scatterers  can  be 
effectively  calculated  as  a  function  of  their  orientation  with 
respect  to  the  incident  field;  furthermore,  we  recently  devi¬ 
sed  an  original  formalism  to  calculate  the  optical  constants 
for  the  propagation  through  a  low-density  random  dispersion  of 
identical  clusters*11  \  in  spite  of  the  prevalent  interest  in 
nondielectric  scatterers* 12“1^  \  we  resolved  to  include  into 
the  clusters  only  dielectric  spheres  with  frequency-independent 
refractive  index;  in  this  way  tiie  effects  of  tne  nonsphencal 
shape  of  the  individual  clusters  are  not  masked  at  all  and  prc 
ve  to  be  quite  important. 


Since  our  formalism  of  ref.(n  »  also  applies  to  di- 


spersions  containing  more  than  one  kino  of  identical  scatterers 
(e.g.  polydisperse  aerosols)  the  cluster  model  :s  verv  suita¬ 
ble  to  describe  the  effects  induced  on  the  scattered  fielc  by 
modifications  of  the  individual  scatterers.  Such  modifications 
can  in  turn  be  described  m  the  framework  of  the  model  by  rear 
rangements  of  the  spheres  either  within  the  same  cluster  or  among 
different  clusters.  This  mechanism  could  be  identified  with 
that  of  the  chemical  reactions  as  long  as  a  cluster  of  spheres 
can  represent  a  molecule  from  the  point  of  view  of  classical 
optics. 

in  this  paper  we  intend  to  show  the  effect;  of  the 
above  mentioned  "chemical  reactions"  on  the  absorption  coeffi 
dent  of  the  dispersion  of  scatterers.  Therefore,  in  the  fol¬ 
lowing  section,  we  concisely  report  our  formalism  for  the  absor 
ptlon  coefficient  of  a  low-density  random  dispersion  of  clus¬ 
ters.  In  the  last  section  we  apply  the  formalism  to  the  dispe 
rsions  of  the  clusters  modelling  the  "reagents"  and  the  "pro¬ 
ducts"  of  a  few  sample  "reactions";  then  we  collect  the  re¬ 
sults  of  the  calculatipns  so  that  the  effects  of  the"reactions" 
are  profitably  displaied. 

We  conclude  these  introductory  remarks  by  observing 


that  even  in  this  paper  we  consider  only  clusters  of  dielectric 
spheres  whose  refractive  indices  are  f requency- independent 
because  we  want  to  single  out  the  influence  of  the  structural 
modifications  of  the  scatterers;  in  any  case  our  formalist*  can 
be  extended  to  the  clusters  of  nondielectric  spheres  with  re¬ 
fractive  indices  obeying  some  dispersion  relations. 

2.  THE  CONSTANTS  OP  COHERENT  PROPAGATION  THROUGH  A 
DISPERSION  OF  CLUSTERS. 

Referring  elsewhere  for  further  details411  \  here  we 
concisely  recall  how  the  refractive  index  and  the  absorption  coef 
fident  of  a  dispersion  of  identical  clusters  within  a  matrix  can  be 
calculated.  In  tne  formalism  reported  below  the  dispersion  of 
clusters  Is  assumed  to  be  random  and  its  number  density  low 
enough  to  allow  us  to  disregard  the  multiple-scattering  effects 
among  different  clusters.  Ve  also  assume  that  the  spheres  in 
the  clusters  as  well  as  the  matrix  including  them  are  made  of 
isotropic,  homogeneous  dielectric  materials. 

Let  us  consider  a  low-density  dispersion  of  scatterers 
whatever  and  send  through  it  the  circularly-polarized  plane- 


wave  field 


«vT  £,  <*«,  , 

-*§!  *  < 

where 


with 


and  according  to  the  hellcity* 16 The  (complex)  refra 

ctlve  Index  matrix  of  the  dispersion  is  consequently  given 


where  the  Index  v  numbers  the  scatterers  in  the  volume  V  and 
fv^4j  14  related  to  the  forward-scattering  amplitude  of  the 
Y-th  scattered  through 


The  opscrptjon  cot-ffjcier.i  inc  U.t  cuvtcvajy  ttitac t:v*  .?.-•> 
of  the  Citi'tJtior.  art-  giver.  t>v  11 

rn  5-M^)  .  -y&M;,)  , 


respectively. 

Kov  we  recall  that  £»vt  is  independent  of  the  lorat: 

on  of  thev-th  scatterer  but  does  depend  on  its  oner  tat  sor. 

with  respect  to  the  incident  field.  Therefore,  if  the  low  den 

sity  of  the  dispersion  is  not  too  low  ve  can  substitute  f_„  <© 

*7 

for  f„_._  and  write 


l  N(e,£|Ve)  ^  0  ' 


where  the  argument  0  is  a  collective  symbol  for  t/ie  Eule;  ang)e 
that  individuate  the  orientation  of  the  scatierers  and  K*©, 
the  number  density  of  the  scatteres  with  orientation 0  .  At 
this  stage  we  specify  the  scattererc  in  the  dispersion  as  clu 
sters  of  spheres  and  assume  that  the*r  orientation  is  random. 
Then  we  express  f^C0)  in  terms  of  tne  amplitudes  of  the  multi 
pole  fields  scattered  by  a  cluster  whatever  with  orJentaticr. 

©  and,  making  full  use  of  the  features  of  the  cluster  model. 


we  succeed  in  factorizing  this  quantity  intc  a  part  depend; re 


only  on  the  structure  ar.2  a  part  dc-penoing  only  or.  tht  oj;<.  ro¬ 
tation.  TP  i  *  otlovs  us  to  ptrfcrr  the  integration  ever  the  c? 
entatior.t  analitically  v;ih  the  result 


w*  w  l(0,A' 

yi*  V" 


Y^*’ — )  «« 


For  later  purposes  we  rewrite 


<4T*  *  ^  a  N^.  ^  5 

IT  Yl  t  *yv  • 

where  we  define 

$Y1«-=4Tr5lL^£'*'tl"'XT”  ’ 


i(ur 

tf  v 


r,t*) 


I'd*' 


(*> 


In  the  equations  above  R  is  the  number  density  of  the  clusters 
the  quantities 

V  *  4**1  *  zyZ'-'W  , 


where  the  are  vector  spherical  harmonics*  ^  \  are  propor 

tional  to  the  multipolar  amplitudes  of  the  incident  plane-wove 
field;  the  matrices  U^^and  0^!  meaning  will  be  discus 

sed  below,  have  a  rather  complicated  expression  for  which  we 


exflicitly  rely  upon  ref.  Ml). 


by  their  very  definition  the  W's  arid  consequently 
the  ^‘s  depend  only  on  the  direction  of  the  vaveveetor  of  the 
incoming  field.  The  U ‘  s  at  well  as  the  S's  depend  on  the  ma 
gmtude  of  the  wavevector  of  the  plane  wave  and  on  the  refra¬ 
ctive  indices  of  the  spheres  constituting  the  (identical)  clu 
sters  in  the  dispersion.  The  U's  account  also  for  the  structu 
re  of  the  clusters  and  need  to  be  calculated  once  for  all  refer 
ring  to  a  cluster  whatever  with  arbitrary  orientation.  As  a 
matter  of  fact,  the  U*s  are  responsible  for  almost  all  of  the 
amount  of  computations  required  by  eq.M)  because  their  calcu 
lation  implies  the  inversion  of  a  matrix  of  order  2N  L  (L  +2), 

S  n  ri 

where  N  is  the  number  of  spheres  in  a  cluster  and  L,.  is  the 

S  M 

least  value  to  which  the  sum  over  L  must  be  extended  to  obtain 
well  converged  results.  The  convergence  of  the  multipolar  ex 
pansion  on  which  eq.M  )  is  grounded  ha-  been  discussed  elsevhe 
re*®*1^*;  of  course  we  shall  return  to  this  subject  when  consi^ 
dering  the  specific  computations  reported  in  the  next  section. 
Finally  it  is  useful  to  recall  that,  if  the  clusters  possess 
symmetry  elements,  such  as  reflection  planes  and/or  symmetry 
axes.  Group  theory  can  substantially  help  to  compute  the  U*s 


for  it  implies  the  inversion  of  matrices  of  srailtr  oroer  than 

( Tt.i 9) 


otherwise 


3. CHANGES  IN  THE  ABSORPTION  COEFFICIENT  CAUSED  BY 
"CHEMICAL  REACTIONS" . 

In  the  case  of  a  low-density  dispersion  containing 

(17) 

more  than  one  kind  of  clusters  eq.(?)  becomes 

=  V*  N|t  C“  , 

where  the  index  at  refers  to  the  at-th  kind  of  clusters  with 
number  density  N^sNc^. 

Now,  it  is  well  understood  that,  if  a  "chemical  rea 
ction"  rearranges  the  spheres  among  the  clusters,  it  determi¬ 
nes,  starting  with  the  relative  concentrations  c^  of  the  "rea 

gents",  the  relative  concentrations  d-  of  the  "reaction  pro- 

r 

ducts"  as  well  as  those  of  the  "residues  of  the  reaction", 
c^J  (one  at  least  of  these  latter  is  zero  when  the  reaction  is 
over).  Therefore  we  can  calculate  the  absorption  coefficients 


before  and  after  the  "reaction",  and  denote  them  by 


respectively,  where 


^■**1  =  **  ^  ] 


Clearly,  a  very  useful  quantity  in  detecting  the  structural 

% 

effects  on  the  absorption  is 


r  r 


\r 


--h* 


+  4 


where  we  dropped  the  label  p  is  the  completion  index  of  the 
••reaction**  (  0£p£l),  and 

a.  . 

In  the  following  part  of  this  section  we  present  the 
results  for  a  few  "chemical  reactions".  Before  any  explanation 
and  comment,  however,  we  want  to  stress  a  point  to  avoid  any 
substantial  misunderstanding  of  the  purposes  of  the  present 
work.  Our  results  refer  to  sample  calculations,  indeed,  and  do 


not  pretend  to  give  a  realistic  description  of  actual  optical 


phenomena:  too  many  details  should  be  added  to  the  very  sche¬ 
matic  cluster  model.  Consequently  one  should  not  bother  nei¬ 
ther  about  the  choice  of  the  parameters  defining  the  structure 
of  the  clusters  nor  about  the  possibility  of  the  "reactions" 
in  the  assumed  low-density  limit  of  the  dispersion.  We  confi¬ 
rm  that  our  question  is:  if  the  structure  of  the  cluster  chan 
ges,  how  much  is  the  absorption  coefficient  affected?  The  re- 
suits  we  are  going  to  discuss  make  we  answer  that  in  general 
these  structural  changes  modify  to  a  significant  extent  the 
coherent  propagation  of  the  field  through  the  dispersion. 

The  Mreactions"  for  which  T  was  actually  computed 
are  listed  in  Table  I.  A,B  and  C  label  the  spheres  with  the 
refractive  indices  nA=l.30t  nfi=l.50  and  nc=l.40,  and  the  radii 
rA«i  .0  Uj,  rg=0.50  and  r^,=0.75  u^,  respectively,  where  u1 
is  an  arbitrary  unit.  The  clusters  are  individuated  by  their 
"chemical  formulae"  in  terms  of  the  "elements"  A,B  and  C,  and 
their  structures  are  built  so  as  to  match  those  of  the  chemi¬ 
cal  compounds  listed  under  the  heading  "EXAMPLE".  Since  the 
radii  and  the  refractive  indices  of  the  spheres  are  assumed 
not  to  change  due  to  the  "reactions",  changes  of  "valence"  or 
"bonds"  are  not  accounted  for.  In  Table  I  the  "reactions"  are 
partitioned  into  three  groups:  the  first  group,  "reactions” 


V mv. 


1-4,  where  only  the  spheres  A  and  B  are  implied;  the  second 


group,  "reactions"  t>  and  6,  where  also  the  spheres  C  are  i r- 
plied;  the  third  group,  that  includes  the  family  of  "rea¬ 
ctions"  7-10. 

In  table  II  we  list  the  clusters  as  well'  as  the 
"reactions"  in  which  they  are  involved  according  to  Table  I. 

We  also  report  the  co-ordinates  of  the  centres  of  the  spheres 
to  complete  the  definition  of  the  structures;  in  this  respect 
one  can  observe  that  the  neighbouring  spheres  touch  each  other 

Figures  2,  4  and  6  show  r  with  p=i  versus  k  for  the 


"reactions"  included  into  each  of  the  above  mentioned  three 

groups,  respectively.  Figures  1,3  and  5  show  in  turn  gft=Z*/Z* 

versus  k.  N^Z*  is  the  absorption  coefficient  of  a  dispersion 

containing  only  the  #-th  kind  of  clusters.  is  the  same, 

(17) 

save  that  it  is  obtained  by  the  Mie  theory  after  substitu 
ting  for  the  dispersion  of  the  clusters  tne  dispersion  of  their 
constituent  spheres  with  no  mutual  presence  effect  allowed. 
Figures  1,3  and  5  are  not  immediately  comparable  with  figs.  2, 

4  and  6,  respectively,  on  account  of  the  different  normaliza¬ 


tion;  on  the  other  hand  ,  the  chosen  normalizations  render  p 


independent  of  N  and  g  independent  of  N  ,  although  it  should 


be  borne  in  mind  that  our  results  are  valid  only  for  low-densi^ 
ty  dispersions. 

All  our  calculations  were  actually  performed  for  k 
ranging  from  0.002  u”1  to  2.0  u"1  ,  so  that  the  wavelenght  of 
the  incident  field  is  allowed  to  decrease  to  about  the  overall 
dimension  of  the  clusters.  However,  in  all  the  figures,  k  ran 
ges  from  0.2  u”1  to  2.0  u”1  ,  the  interval  in  which  the  results 
show  a  more  striking  k-dependence.  Since  all  the  results  refer 


to  the  index has  been  everywhere  dropped. 

Before  discussing  the  results  we  premise  a  few  words 
about  their  convergence.  It  is  well  known  that  the  multiple 


scattering  processes  among  the  spheres  of  each  cluster  enhance 

the  strenght  of  multipole  fields  of  higher  order* 8-1 1 r1 ^  \ 

so  that  the  L-expansions  cannot  be  truncated  to  too  low  a  value 

whereas  too  high  values  imply  time-consuming  computations  and 

enormous  memory  requirements.  As  a  matter  of  fact,  we  found 

that  a  quite  reasonable  L  =4  ensures  converged  results  for  all 

n 

the  clusters  considered  here  with  k  ranging  from  0.002  u”1  to 
2.0  u"1 . 

From  a  general  point  of  view,  figs.  1,3  and  5  show 


clearly  that  the  multiple-scattering  processes  among  the  sphe 


res  of  a  cluster  cannot  be  disregarded  without  affecting  dra 


A 

v 


matically  the  correctness  of  the  results.  Therefore,  it  is  a 
very  reasonable  prediction  that  structural  modifications  of  the 
clusters  cause  appreciaole  variations  of  the  absorption  of 
the  dispersion.  As  we  anticipated,  this  actually  occurs:  the 
r  -ratios  are  significantly  different  from  unity  for  k  in  the 
range  from  0.002  u^to  0.2  u”1 .  In  figs.  2,4  and  6,  however, 
we  see  that  when  k  increases  the  effect  of  the  "reaction"  beco 
mes  smaller  and  smaller,  although  for  almost  all  the  "reactions 
]7  is  significantly  different  from  unity  at  least  up  to 
k&l.O  u”1 .  In  this  respect  we  remark  that  in  general  the  more 
the  structure  of  the  clusters  is  modified  the  more  T  remains 
different  from  unity.  Even  the  curves  of  ga  in  figs.  1,3  and 
5  the  less  differ  from  each  other  the  more  similar  are  the 
structures.  As  an  example,  in  fig.  1  the  curves  for  CO^  and  SC^ 
are  indistinguishable  from  each  other.  The  component  spheres 
are  identical  for  the  two  clusters  AB2  ,  indeed,  and  the  stru 
ctural  differences  are  too  small  to  give  appreciably  different 
spectra  also  on  account  of  the  randomness  of  the  orientations. 

In  conclusion,  the  cluster  model  accounts  for  the 
nonspherical  shape  of  the  scatterers  so  effectively  that  it 


renders  the  structural  modifications  quite  detectable.  In  this 


sense,  and  on  account  of  the  possible  improvements,  the  clui 
ter  model  should  be  suitable  for  approachmc  the  experiment  a 
ly  measured  properties  of  real  aerosols. 
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TABLE  I  -  List  of  the  "reactions"  considered  in  this  paper. 

The  refractive  indices  and  radii  of  the  elements  A,B  ana  c  are 


nA=1.30,  nB=l.50,  nc=1  .40,  ana  rA=1 ujt  rfi=0.50  rc=o.7i> 
u, ,  where  u.  is  an  arbitrary  unit. 


CLUSTER 


CO- ORIGINATES 


Riassunto. 


In  un  articolo  prect-aente  t  state  calcoiatc*  il  ctx-j'f  iCioMt*  Qj 
assorDii.itnte  let  )*>  prej  a>o"  lent-  de.  t-let  t  j  or?  agnet  .cc> 

attraverso  una  cispersicnc  a  :  atsa  certitu  o:  ciffuson  non 
sfenc*  model  1 izzandol ;  ci»“t  “cluster"  oi  sf'ere.  lr:  questo  ar 
ticolo  si  permette  ai  “cluster"  di  van  are  la  lore  strut tura 
m  mam  era  oa  simulare  delle  reanom  chin.iche  e  le  conseguen 
1 1  vanaziom  del  coefficiente  di  assorbimento  della  oispersio 
ne  vengono  calcolate  in  alcuni  casi  sigmf  icativi . 


FlGl'KL  CAMION!' 


i *gure  i  . 

Plot  of  vs  k  for  the  clusters  n.*j  1  jt-a  the  "redcuons" 
t-4  of  Table  1.  The  dashed  curvet'  refer  tc>  the  "reagents”  and 
the  solia  curves  to  the  "reaction  products" . 

Figure  2. 

Plot  of  P  vs  k  for  p=t  for  the  "reactions"  1-4  of  Table  I. 
Figure  3. 

Plot  of  gR  vs  k  for  the  clusters  implied  in  the  "reactions" 

5-6  of  Table  I.  The  dashed  curves  refer  to  the  "reagents"  ana 

the  solid  curves  to  the  "reaction  products". 

Figure  A. 

Plot  of  P  vs.  k  for  p=1  for  the  "reactions"  5-6  of  Table  I. 
Figure  5- 

Plot  of  g^  vs.  k  for  theclusters  implied  in  the  "reactions" 

7-8  of  Table  1.  The  dashed  curves  refer  to  the  "reagents"  and 

the  solid  curves  to  the  "reaction  products". 

Figure  6. 

Plot  of  P  vs.  k  for  p-i  for  the  "reactions"  7-10  of  Table  I. 
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